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ABSTRACT

" .The earlier study made by Jacobson and Hamrock on the cavitation of
liquid lubricant films in a dynamically loaded journal bearing was repeated
with a quartz sleeve, which was more rigid than the Polymethylmethacrylate
{PMMA) sleeve used previously. Varlous lmprovements of the test rig were made
concomitantly so that the experimental errors could be better controlled and
assessed. This paper describes the updated high-speed photography experiment

and its results. (<1} . -
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NOMENCLATURE

c = radial rlearance, = (o, - DJ)/2, mm

D, = inside diamater of (bearing) sleeve, mm

DJ » journal diameter, mm

e, = whirl amplitude of sleave about the sleeve-shaft axis, mm

e, = distance betwean the sleeve-shaft axis and the journal axia, mm
L = length of journal, mm

L/D = length-~to-diameter ratio of a journal

R/c = radlus-to-clearance ratio, where R = Dj/2

T = pariod of whirl, = 2x/ub, 8

€ = total eccentricity, = €, + €,

€y = dynamic eccentricity, = nd/c

€, = gtatic eccentricity, = e./c

w, = whirl speed of sleuve, rad/s

uj = rotation speed of journal, rad/s
INTRODUCTION

Cavitation of the liquid lubricant film in a journal bearing affects
bearing performance significantly. For stationary cavitation (resulting from
steady bearing loads), the phenoienon and its consequence are reasonably well
understood (Dowson and Taylor, 1974). For dynamic cavitation (resulting from
unsteady bearing loads), even the basic aspects of the phenomenon are not
clear. Unresolved questions include: What are the criteria for the onset of

dynamic cavitation? What is the contents of a cavitation bubble? can the




cavitation bubble(s) be clearly saparated from the full film raglion, or are
they so numerous and thoroughly mingled with the Liquid that the film can be,
ox should be, treated as a two-phase fluid? And, in the latter case, what are
the phyaslcal propertles of the two-phase fluld? These and other intriguing

questions have motivated many studies.

White ({1970) recorded in his dissertation the behavior of a nqueaze film
journal bearing. In the experimental setup the journal was non-rotating
(Uj = 0.0 rad/s) and fixed; the sleeve was also non-rotating, but made to
whirl about the sleeve-shaft axis, which was aligned with the journal axis.
Thus, the case studied was one of “"centered whirl" (€, = 0). He found that
the film force followed the prediction of the conventional lubrication
analysis with an incompressible fluid up to €, = 0.2 beyond that the fllm
fozxce fell below the predicted value. This feature was observed in the entire
range of the investigated whirl speeds (W, = 31.42 to 314.26 rad/s). He also
observad, through a clear perspex sleeve, that cavitation bubbles in the film
did not collapse in the high pressure reglon at large €, values. He then
suggested that the persistence of bubbles in the high pressure reglon was
responsible for the reduced level of the film force. Hibner and Bansal (1979)
measured the pressure distribution in a squeeze film bearing, also operated in

the centered whirl moda, and found the measured results in discord with the

BN |
prediction of the conventional incompressible lubrication theory. Thoy QE_-—iiF"-
reasoned that the disagreement was caused by the compressibility effect of a
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gaseouy cavitatlionl. Hance, thay proposed a variable-density two-phase fluia
mode) that couid better correlate the measured data. Feng and Hahn (1987)
actually carried out the computation using a two-phase fluld model. Thay
found, howaever, that both the two-phase fluid model and the convantional
incomprassible lubrication theory (with the cavitation pressure set at
absoluta zero) agreed with the measuremant made on their own squeaza £iim
bearing rig. Walton at a)l (1987) conducted a visual study of the cavitation
in a squeeze fllm buaring, operated in the centaered whirl mode, using high
speed photography and stroboscopic video recording. They reported that the
incompressible lubrication anzlysis they used did aot adeguately account for
the obsurved cavitation pattern; but they did not report any evidence of the
formation of a two-phase fluid. Recently, Zeidan and Vance ({1989) conducted
both pressure measuremoent and visual study of the cavitation in a centered
whirl squeeze film bearing. Based on thelir findings, they proposed that three
operating regities existed in the bearing: At 1w whirl speeds the film was
uncavitated; at high speeds (>157.08 rad/s) a two-phase fluld was formed; and
at intermediate spacds some intermediate situvation occurred. They obrcerved
the occurrence of vapor cavitation also, and attributed it to the premence of
end seals, which hindered the process of drawing ambient air into the bearing

clearance during the operation of the squeeze film bearing.

The study of dynamic cavitation at NASA Lewis Rasearch Center began in

the early eighties. Jacobson and Hamrock (1983a,b) built a dynamically loaded

! over the yearc the follcwing terminology has emerged in the lubri-
cation circle: 1If the cavitation bubbles in the film survive the high pres-
sure portlon of tiic pressure cycles, the cavitation is called
gaseous;otherwise it is called vapor cavitation.




journal bearing rig for visuval studies. The transparent sleeve (made of
polymethylmathacrylata, or PMHA) was non-rotating, but could be made to whirl
about the alaave-shaft axis at prescribed €, valuas. The journal could
rotate, and its axis could be shifted away from the sleave-shaft axis to
produce praacribed €, values. Hence, “non-centarad whirl™ could be studisd on
this rig. Using high speed photography they were able to record the
davealopmant and disappearance of cavitatlon, and determine its duration. The
cav tatlon was found to bae in the form of ona bubble, even though the bubble
somatimes displayed lanexr structures. They did not observe vhe formation of a
two-phase fluid in any of their studled cases, Subseguently, Brewa (1986)
computed the £ilm flow solution considering dynamic cavitation, and found
reasoncbly good agraement between the computaed cavitation duration and the one
measured by Jacobson and Hamrock. The theoretical model used was tha
classical single phase fluid, but tha determination of the motlon of the
cavitation bubble was made sasier with the use of a claver algorithm (Elrod,
1981). Tha good agreement seemad to imply that tha single phase fluid was

appropriate to model dynamlc cavitation.

The present work is a continuation of Jacobson and Hamrock's experiment.
The PMMA sleeve used in their studies was suspected to suffer from elastic
deformation during the prassure cycles. Hence, the experiment was repeated
with a newly acquired quartz sleave. Concomitantly, several improvements of
the test rig were made so that the experimental errors could be better
controlled and assessed. This paper describes the improved test rig and the

updated experimental results.
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APPARATUS

Genaral Layout

The journal bearing rig consistad mainly of a jourral and a sleeve
{Figs. 1). The slecve support structuye (:) was fixed ty a steel base (:);
the jourral support sisucture (:) wag anchoxed to a cross slide (:), which wag
fixed to the base. The base was clampued down on a sturdy, flat machine table

(:) whose level wag adjustabla.

The shaft holding the sleave was supported on two precision ball
hearings. One end of the shaft was connected to the sleave mounting plate (:)
through a dynamic eccentriclity device (E); the other end of the shaft was
connactad through a flexible coupling to a varlable-speed dc motor (with a
maximum speed of about 261.80 rad/s) which was bolted directly to the machlne
table. The two ball bearings were preloaded to reduce the shaft play to
withiin 12.5 Jm. Fuxther preloading of the bearings made it difficult to turn

the shaft,

The shaft holding the journal was pupported on two precision ball
bearings, preloaded in the same manner, and connected to a motor of identical

make.

The sleeva-shaft axis and the journal axis were located in a plane
parallel to the base. However, during the test it was necessary to clamp down

the cross slide to suppress the vibration of the journal support structure.




This operation lowared the journal axis, and shims were used to compensate for

it. Thae errox in leveling the two axes was within 12.5 gm.

The journal axis could be moved horizontally away from the slaeave-shaft
axis by using the cross slide. To contrel the offset distsnce and to ensure
that the two axes remained parallel, two dlal indicators were uaad

gimult -ously to monitor the displacement of the journal support structure.
Tha Journals

Four steel journals ware used in the study. Three wera 84.0 mm in
diameter and had L/D values of 0.25, 0.5 and 1.0 respectively. Anothaexr was
64.58 mm in diameter and had a L/D value of 0.25. The diametrical tolerance
was 10 gm. The journal surfaces ware ground within 0.2 “m roughness
(arithmetic average). Initial filming revealed that the glare of the journal
surface made it difficult to resolve the cavitation boundary. Hence, the

journal surfaces were treated chemically to produce a gun metal finish.
The Sleeve

A precision-bore quartz sleeve was acquired from a German company. The
inslide diameter of the sleave was 85.0 mm, and it was 5.5 mm thick and 100.0
mm long. The variation in both its ID and OD was within 25 gm. The sleeve
was inserted in a groove made in the face of the mounting plate (:) and glued
by epoxy. Speclal care was exercised in the mounting procedure go that the

sleeve was truly perpendicular to the plate. The mounting was so rigid that




one could not move the two pleces relative to one anothar without breaking the

sleave.

The dynamle eccantricity device wag similar to %hat praeviously roported
(Jacobgson and Hamrock, 1953a, Fig. 3}, except thac the innar pleca war u naw,
modified varsion. The inner pleca was praessaed on tha shaft; tha outer piecae
was attached to the mounting plate via a precision ball bearing. The intarnal
clearanca of the bail baaring was removed by intexference f{it betwean the
outar ring and the circular zeat made ir tha back of tho mounting plate. Tha
ralative angular position of the two pleces could be fixad with sat scraws to

ganerata any desired o, value batwean 0 and 0.5 mm.

d
It should ba mentioned that the statlc eccentricity was genaratad by
always moving tha journal axis toward the side whare the movie camara was
situated. The camera was sat at the same lavel as the journal bearing.
Hence, the minimum-minimum clearance always appeared in the middla of the

camara‘'s view (covering nearly 180 degrees of the bearing clrcumferencae).

The maechanism that kept the axis of the whiriing sleeve parallel to
the sleeve-shaft axis was explained previously (Jacobson and Hamrock, 1983a,
fig. 7). The screws that fixed the spring steel plates of the mechanism to
the sleeve mounting plate wern tightened after the dynamic eccentricity device
was carefully aligned. Once tightened, these screws could maintalin the

alignment for an extended period of running.




The Yellow Seal

A thin rubber hoot @ was used to geal the gap batwean tha slasva and
the jourxnal support structura. Assiated by a wire clamp and vacuum grease,
the saal was effective in preventing the lubricant fluid from leaking out of
the space confined by the sleava (hereaafter to be rsferrad to as the tast
chamber). Howaver, the test chamber was not aix tight bacause alyr could enter

it via the twe hall bearings situated at lts ends.

Lubricant Supply

The lubricant usad in the study was DEXRON XI automatic transmission
fluid. Its kinematic viscosity was determined to be 38.1 ct ar 40°C and €.86

ct at 100°C; and its specific gravity to be 0.86 at 40°%.

Tha fluid was fed by gravity to the test chamber from a reservolr
locatad about 0.45 m above. Hence, the experimant simulated the operation of
a submerged bearing without feed grooves. The fluld entered the test chamber
from one side through an opening drilled in the sleeve mounting plate near its
bottom. Than the fluid left the test chamber from the other slde via an
outlet (egulpped with a valve) (::) located at the top of the journal support
structure. The outflowing fluid was filtered, collectad, and returned to the

reservolir.

The reservoir was a pressure vessel. DRDagassing of the fluid was

performed by pumping air out of the reservoir and thei. leaving the fluid




uvarn@ghﬁ In ¢he parcial vacuum condition at an absolute pressura of
azproxfmately 56.6 Pa. Aeration of the fluid was performed by drawing alr
fnto the rogacvolr, generating violent mixing between the alr and the fluld.

Tha degrae of legassing and aesratlion was not datermined, howaver.

The test was conducted in an ordinary laboratory environment. No

apecia) attempt was made to control tha temperatura of the fluld.

Instrumentation

The whirl speed of the sleeve was monitored by an electronic counter
connected to a magnetlic pickup which was actuated by a 60-tooth gear disk
mounted on the shaft. The rotation speed of the journal was read with a

astroboscope.

» capacitance type proximeter proba was placed behind the slaeve (i.e.
on the opposlte side of tha camera) to monitor the dl: sament of the mleava.
The output signal of the probe passed through a differ iator and a =zero
counter, then triggered a light emitting diode (LED). The LED lit up as the
sleeve was moving toward the camera; and turned off when the sleave was moving
away. The LED was included in the film to mark the time when the minimum-

minimum clearance occurred. ’

The photographic setup was as previously described (Jacobson and
Hamrock, 1983a, Fig. 8). The camera speed was set at 2000 frames per second,

and the shutter speed was 1/5000 seconds. The filming of a run took about
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three sezonds, only in the middle part of this duration did the camara attain
its pre-set speed. The camera speed could be verified, however, by counting
the number of frames for the completion of a revelution of the dynamic
eccentricity davice. Since the sleeve-shaft speed was monitored by an
electronlc counter, the counter reading and the film provided each other a

mutual check.

Bectuse of the darkened finish of the journal surface and tha high
camers speed, intensive lighting was needed for the photography to reveal the
occurrxence of cavitation. To allaeviate the heating effect ot the lamps, a

cooling fan was installed and the duration of lamp use was minimized.

TEST PROCEDURE

The parameters that could be varled in the study were R/¢, L/D, €0 €y
u,, W, and the condition of the fluid. Once a case was planned for
photography, the following steps were carried out:
(1) Mount the required journal. Use a dial indicator to check its
run-out,
{2) Rotate the dynamic eccentricity device to obtain €, = 0. Use a dial
indicator to double check this centered poassition of the sleeve.
(3) Use the cross slide to move the journal from one side of the sleeve to
the other. Determine the total clearance and locate the position of €,
= 0. Then move the journal to the position with the prescribed €,

value.
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(4)

(5)
(6)

(n

(8)

(9)

(10)

Rotate the dynamic eccentricity davice to obtain the prascribed €,
valua. Again use a dlal indicator to double check this saetup.
Then fix the relative position of the dynamic eccentricity device
by tightening the set sacrews.

Use 3 big C-clamp to fix the position of the cross slide.

Connect the motors; pre-sat the assigned speeds W

s and Ub; and install

the proximeter probe and LED.

Tighten the bellow seal and f£i{ll the test chamber with the prepared
fluid. In the case of degassed fluid, the preparatlion was dona
overnight; in the case of aerated fluld, the mixing of the fluld with
alr was performed just before £filling.

Set up movie camera and lighting arrangement; turn on the cooling fan;
then run the rig. Double check (and adjust) the value of Hj with a
stroboscope.

Film the run.

One roll of film was used to photograph two, or sometimes three,
runs. The subsequent runs were either for different speed

settings or for changing from the case of degassed fluld to that

of aerated fluid.

RESULTS AND DISCUSSION

Elghty three runs were filmed, many of which were not usable either

because of poor resolution due to inadequate lighting, or because of errors in
the setup which were later discovered. The following paragraphs summarize the

best information obtained.
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Onset of Cavitation

The occurrenca of cavitation was cruclally dependant on the bearing
clearance. Persistent ¢ vitatlon patterns were observed in the case of R/c =
201.0 at whirl speads as low as 31.42 rad/s; but in the casa of R/c = 84.0,
only a faint pattern was produced at a whirl speed as high as 92.68 rad/s.
The other parameter values in the two cases were the sama: L/D = 0.25, 6i =

0.4, €, = 0.5, W, = 0.0 rad/s. With a given bearing clearanca, cavitation

d b]

ozcurraed only at high whirl speed and large eccentricity. The high
eccentriclty needed for the onaet of cavitation should be qualified, howaver.
The play of the sleeve and journal shafts could each be 12.5 gm. The errors
wera cumulative, resulting in an uncertainty in the eccentricity value of 0.05
for the small diameter journal, and 0.12 fur the large diameter journal. 1In
tha following, only the cases where cavitation was found are discussed. These
cases waere all labelled with large eccentriecity values. These values were

read from tha satup; thelr actual magnitudes would be smaller, within the

above-mentioned margins of uncertainty.

Centered versus Non-Cantered Whirl

The cavitation pattern was fundamentally different in these two types of
whirl. For the centered whirl (€, = 0), as the low presgssure wave revolved
around the bearing circumference, it caused the lubricant £ilm to locally
cavitate. This gave rise to the appearance of a revolving bubble in
synchronization with the whirling sleeve. For the non-centered whirl (€, #

0), the cavitation bhubble emerged amidst the fluid film, grew to its peak
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slze, then shrank and collapsaed, leaving no residual bubhbles in the aftermath.
Figures 2 present several frames of photographs from the film, showing the
sarles of stagaes that a typlcal cavitatlion bubble went through. In either
type of whirl it was not possible to tell by visual studv -2pa whether the
contants of tha vold region was alx, vapor, or a mixture Y tr Juo.
Occasionally, one or two alxr bubbles were pregent in the test chambar due to
imparfect venting. These bubbles would stay in the sama circumferential
position (whan the jourpal was not in rotatlon), and would unter and leave the
bearing clearanca following the pressure cycles. It was evidont that tha
behavior of the cavitation bubble was distinctly different from these

entralned air bubbles.

Effect of Whirl Spaed and Amplitude

As praviously mentloned, high whirl speed and large eccentrxicity
prompted the occurrence of cavitation. These conditions slso caused the
cavitation bubbl2 to be large and Llts duration long. The effects are
demonstrated by the photographs in Figs. 3. These (and subsequent)
photographs were extracted from the films where the respective cavitation
bubbles were at their peak slzes. The cavitation duration is expressed in
terms of the whirl period (T), and is indicated in the figures. It should be
mentioned that the sleeve whirled in the clockwise direction as viewed from
the sleeve side; and in all the photographs presented in this paper, the

sleeve was moving toward the camera.
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Effect of Bearing Clearance

A smaller bearing clearance would generate a larxgar cavitation bubble
and a longer cavitation duration. Thks effect can be clearly sean by
comparing Fig. 4(a) with Fig. 4(b). By changing the R/c value from 84.0 to
201.0, the zavitation duration increased by forty-three perceast. Jor an
higher whirl spead of 146.61 rad/s, the corresponding increase §n zavitation

duration was lass, {.e. twanty parcent. (Compare Flg. 4{c) with £ig. 3(d}.)

Effect of Journal Rotation

Figures 5 and 6 exhibit this effect. when the journal was rotating in
the same direction as the sleeve was whirling, Figs. S(b) and 6(b), the
journal surface was moving upward and carried the cavitation bubble with it.
Thls actlon prolonged the cavitation duration. The effect was so strong that,
in the case of Flg. 6('), the cavitation bubble survived through and beyond
the view of the camera. As a result, its duration could not be determined.
Whaen the journal was rotaking opposite to the directlon of whirl, Figs. §(c)
and 6(c), the journal surface was moving downward, and its effect appeared to

be retarding the motion of the cavitation bubble.

Effect of Journal Length

Figurez 5 and 6 also demonstrate this sffsct., Ap shouwn, tha cavitation
bubble was larger, and its duration longer, in the case of a longer journal.

But the trend did not carry to L/D = 1. 1In this case, one end cf the journal

15




Was too close to the journal support structure. As a xesult, alr was drawn {n
through the ball bearing, and then Lt enterad the bearing clearance in tha
form of bubblea. The photographs in Figs. 7 i)lustrata thies effect. The
opaerating parametaers for Flg. 7(a) correspond to those for Figs. 5(a) and
6(a): likewisa, Flg. 7(b) coxrxasponds to Fig. 4(a). From thesa photographs it
can be seen that the antrained bubbles were leaning to the sida of the journal
support structurae. (Notice also that the journal was partly covered by the
bellow seal.) The bubbles did not cluster togethar to form a large cavitation
region; nor did they exhibit a definitive durxation of existence. In short,
the prer e of these entrainad alr bubbles suppressed the occurrence of tha

cavitation pattern previously discussed.

Deqassed versus Aerated Fluid

Throughout the cases studled, no difference in the cavitatlon pattern
batween the degassed and tha aerated fluid was observed. This could ba the
result of the degassing and aeration procedures. These operations were
carrxled out in the reservoir. Then the fluid must pass through a tygon tubing
to entar the (air fllled) test chamber. The fllling process took sevaral
minutes. It was possible that after the process the fluld lost its prepared
condition. On the other hand, if the procedures are considered acceptable,
then the implication of the observatlon would be that the versistence of alr
bubbles in the high pressure reglon, as reported in the literature, might be
due to air entrained in tha lubricant £film, rather than due to the liberation

of the dissolved air within the fluid.
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On the Quastion of Two-Ph.sa Fluid

A sat of conditions (R/c = 20).0, L/D = 0.25, €, = 0.4, € =0.5 uw, =

3
G0 xad/s, W, = 104.72 rad/s) was chosen for a continuous run o see .{ a long

d

duration test would lead to the formatlon of a two-phase fluid in the
lubricant film. Xt was found that the cavitatlion pattarn, as previously
described, remalned unchorgyea after an hour. The test was then continued with
lower whirl speads, and persistent patterns ware found down to W, - 31.42
rad/s. Further lowerlng of the speed made the cavitation pattern an Llrragular

accurxance.

The whirl speeds used wara admlttedly low in comparxison with those found
in the applicsations of squeeza film bearings. But they should be adequate to
raveal the persistence of bubbles in the high pressura reglon, in view of the
fact that white (1970) observed tha same at speads as low as 31.42 rad/s.
Thus, one might conclude that th+s formation of a two-phase fluld was nct the

result of the lliberation of the dissolved alir within the fluld.
SUMMARY
The earlier invastigaztion by Jacobson and Hamrock using high-speed
photography to study the cavitation in a journal bearing, under controlled

orbital motion, was repecated on an improved rig. The following results were

obtained:
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The basle findings of Jacobson and Hamrock ware confiyrmed, viz. for the
non-contexed whivl, the cavitation bubble emerged amidst the fluid, graw
in size, then shrank and collapsed.

For tha cantared whirl, as the low prassura wave revolved around tha
bearing circumferenca, Lt causad the lubricant film to lecally cavitate,
giving rise to tha appearance of a ravolving bubble in synchronizatlion
with the whirling sleave. In both the centered and non-cantered whirl
cases, no air bubbles were found gurviving the high pressure portion of
the pressura cycles.

Smxll bearing clearance, high whirl speed, and large eccentricity
prompted the occurrance of cavitation. Thasa conditions zlso caused the
cavitation bubble to be large and its duration long.

When the journal rotated in the same direction as tha sleeve whirlaed,
the journal surface carried the cavitation bubble with it and prolonged
the cavitation duration. when the journa) rotatad In the opposite
direction, the motlon of tha cavitation bubble was retarded, snd its
duration was also longer than when the journal way sot in rotatlen.

Tha cavitation bubble was larger, and lts duration longer, in the case
of a longer journal. But the trand did not carxy to L/D = 1 in the
presant apparatus. In this case, air bubbles were drawn into the fllm
from one end of the test chamber. The presence of these entrained alr
bubbles suppressed the occurrence of the one-region cavitation pattern.
Throughout the cases studied, no difference in the cavitatlion pattern
between the degassed and the aerated fluid was observed. This and other

observations obtained in the study seemed to indicate that the formation
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of a swo-phase fluid, as reported in tha literature, was probably not
tho result of the liberation of thae dissolvad alyr within tha fluld.

Tha visual study performad could not provide the anawer to the quastion
on the contants of the cavitation tubbla. To shed soma light on

this subjaect, measurament of tho preasure inside the cavitation bubble

ia plannad.
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